Hepatic fibrosis is potentially reversible; however early diagnosis is necessary for treatment in order to halt progression to cirrhosis and development of complications including portal hypertension and hepatocellular carcinoma. Morphologic signs of cirrhosis on ultrasound (US), computed tomography (CT), and magnetic resonance imaging (MRI) alone are unreliable and are seen with more advanced disease. Newer imaging techniques to diagnose liver fibrosis are reliable and accurate, and include magnetic resonance elastography and US elastography (one-dimensional transient elastography and point shear wave elastography or acoustic radiation force impulse imaging). Research is ongoing with multiple other techniques for the noninvasive diagnosis of hepatic fibrosis, including MRI with diffusion-weighted imaging, hepatobiliary contrast enhancement, and perfusion; CT using perfusion, fractional extracellular space techniques, and dual-energy, contrast-enhanced US, texture analysis in multiple modalities, quantitative mapping, and direct molecular imaging probes. Efforts to advance the noninvasive imaging assessment of hepatic fibrosis will facilitate earlier diagnosis and improve patient monitoring with the goal of preventing the progression to cirrhosis and its complications.
from hepatic fibrosis to cirrhosis is generally slow, taking place over decades in conditions such as HCV infection or NASH, but can occur more rapidly in the presence of biliary obstruction, immunosuppression in post-liver transplant patients, or with human immunodeficiency virus (HIV) co-infection [1] [2] [3] . If hepatic fibrosis is diagnosed at an early stage, it can be treated and reversed with weight loss in nonalcoholic steatohepatitis (NASH) and anti-viral therapy for hepatitis B or C infections. [4] . Therapy will hopefully reduce morbidity and mortality of CLD and its complications. However, fibrosis and cirrhosis of the liver will continue to be a major clinical concern even with successful treatment of hepatitis C.
Hepatic fibrosis is a response to chronic inflammation and hepatocyte injury. The liver parenchyma heals by laying down more collagen fibers in the extracellular matrix (ECM). Normally, collagen comprises less than 1% of the liver but this amount increases several fold in CLD [5, 6] . Hepatic fibrosis results in both quantitative and qualitative changes in the collagen and noncollagenous components of the ECM [7] . Fibrosis is a dynamic process of deposition of excessive collagen fibers balanced with degradation and remodeling [8] . When the accumulation of collagen fibers exceeds degradation, fibrosis progression to cirrhosis may result. A response to treatment results in the reduction in fibrosis content, which is typically a slow process extending over months to years.
Traditionally, the diagnosis of hepatic fibrosis and determination of fibrosis stage was made using liver biopsy. Liver biopsy can also provide important information about the etiology of CLD, in patients with unexplained elevated liver function tests. However, liver biopsy is not the optimal method for diagnosis and fibrosis staging in all patients because of poor patient acceptance and small risk of complications. Also serial liver biopsies are not practical for frequent or long-term monitoring of a patients' response to treatment. In addition, liver biopsy results are variable due to sampling errors related to both small sample size and spatial variation in degree of fibrosis and variability of pathologist interpretation [9, 10] . A recent study reported a difference of at least one fibrosis stage in 30% of series of 111 biopsy specimens evaluated by different pathologists [11] .While liver biopsies remain as an important clinical tool, modern medical management of liver disease often relies on regular interval assessments of liver fibrosis. Many noninvasive techniques are now available and have become an important part of patient care and may potentially replace liver biopsy. The noninvasive imaging techniques used to diagnose liver fibrosis will be discussed in detail in this paper.
Histologic evaluation of hepatic fibrosis
Multiple histologic scoring systems for hepatic fibrosis are applied to liver histology specimens. The system used depends on the etiology of chronic liver disease. Common to all of these systems are these four basic fibrosis stages: no fibrosis, portal/periportal fibrosis, bridging fibrosis, and cirrhosis. The different staging systems vary largely in how these stages are subdivided. For example, the Ishak system divides portal fibrosis into mild and moderate, while the METAVIR system does not. Also of note, steatohepatitis and vascular outflow disease also have an additional fibrosis stage, typically located between no fibrosis and portal fibrosis, which is characterized by pericellular and/or central vein fibrosis [12, 13] . Histological fibrosis staging systems are based fundamentally on architectural changes. Thus, the different fibrosis stages are not ''additive'' in the strictly mathematical sense. As examples, stage 1 fibrosis does not necessarily have half of the collagen of stage 2, and stage 4 does not have twice the collagen of stage 2. Fibrosis progression is also not uniform over time, with fibrosis tending to progress more slowly in early stages with small incremental increase in collagen content as compared to exponential increase in collagen content during later stages [14] [15] [16] .
The most common scoring systems used for clinical care include the modified histology activity index (also called the Ishak system) [17] , the METAVIR system [18] , and the Batts-Ludwig system [19] . Scoring systems also exist for specific liver diseases, including nonalcoholic fatty liver disease [13] , alcoholic hepatitis [20] , primary biliary cirrhosis [21] , and primary sclerosing cholangitis [22] . In addition, subclassifications of cirrhosis have been developed (based on nodule size and septal fibrosis thickness) which have shown potentially useful correlations with severity of portal hypertension and other clinical complications [23] [24] [25] [26] [27] . Histologic scoring of both necroinflammatory activity (grade of injury) and the degree of fibrosis (fibrosis stage) helps predict the response of fibrosis to treatment. Many noninvasive imaging tests attempt to predict the five-point META-VIR histologic score of F0-F4, where ‡F2 is clinically significant fibrosis, ‡F3 is advanced fibrosis, and F4 is cirrhosis. This score helps predict the response of fibrosis to treatment, since F3 and F4 patients are considered advanced stage and less likely to respond, and determines if the patient has cirrhosis and requires screening for HCC.
Quantitative measurements of collagen can also be used to measure small changes in total fibrosis content. Among these, the collagen proportionate area is considered to be the most accurate. It has been studied in many patient populations and successfully used to measure response to treatment [14, 28, 29] . The drawbacks are that it still requires a liver biopsy and correlates poorly with clinical staging systems. However, this methodology is still useful in drug trials and at institutions where specialized liver clinics are present.
Noninvasive tests
Noninvasive assessment of hepatic fibrosis can be done with serologic tests or imaging. Serologic testing is desirable because of its noninvasive nature and potential wide availability. Serologic tests for liver fibrosis include direct and indirect assessments of liver fibrosis. The direct tests detect byproducts of degradation or synthesis of collagen. The indirect tests assess the effect of fibrosis on function of hepatocytes.
These tests include the serum aspartate aminotransferase-to-platelet ratio index, FibroTest (BioPredictive, Paris, France)/FibroSure (LabCorp, Burlington, NC, USA), Hepascore (Quest Diagnostics), FIBROSpect (Prometheus Corp), and the European Liver Fibrosis Study Group panel (not available in the United States). Unfortunately, serum tests are not reliable because inflammation outside of the liver can contribute to falsepositive test results, and serum levels are affected by clearance rates, which may be impaired due to sinusoidal endothelial cell dysfunction or impaired biliary excretion. The serum panels also cannot distinguish between different levels of fibrosis, although serum markers do work well for diagnosing advanced fibrosis and cirrhosis. Serum markers can differentiate patients with significant fibrosis (F2-F4) from those without significant fibrosis (F0-F1) with fair to good accuracy (AUROC 0.70-0.86) [30] . Indeterminate outcomes are common, in one study serum markers could rule-in or rule-out fibrosis in only 35% of patients [31] . Indirect markers of fibrosis which have been combined into serologic panels include serum aminotransferase levels, platelet count, coagulation parameters, gamma-glutamyl transferase (GGT), total bilirubin, alpha 2 macroglobulin, and alpha 2 globulin (haptoglobin). In a meta-analysis of 86 studies including 19,533 patients assessing how to diagnose cirrhosis through laboratory tests and physical exam, the presence of ascites, a platelet count <160 9 10(3)/lL, spider nevi, or a combination of simple laboratory tests with the Bonacini cirrhosis discriminant score >7 were the most reliable [32] .
Diagnosing liver fibrosis with imaging
Hepatic fibrosis has traditionally been diagnosed at imaging by assessment of morphologic abnormalities on ultrasound (US), computed tomography (CT), and magnetic resonance imaging (MRI). Novel imaging techniques used to diagnose liver fibrosis and cirrhosis available in clinical practice include US elastography and MR elastography. Other imaging methods of diagnosing liver fibrosis are currently of research interest with potential clinical application and include diffusionweighted imaging, MRI with hepatobiliary contrast agents, MR and CT perfusion, dual-energy CT, contrastenhanced US, image texture analysis, and direct molecular imaging probes of collagen.
Morphologic assessment
Morphologic features of cirrhosis can be assessed on US, CT, or MRI (Fig. 1A-F) , and include an atrophic right lobe and segment IV, hypertrophy of the caudate and lateral left lobes, liver surface nodularity, a right hepatic posterior notch, an expanded gallbladder fossa, narrow hepatic veins <5 mm, an enlarged caudate to right lobe ratio (>0.90), and enlargement of the hilar periportal space >10 mm [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . The sensitivity, specificity, accuracy, and positive predictive value of some of these morphologic features of cirrhosis are shown in Table 1 [33-35, 37-39, 41-45] . While these morphologic features are fairly good at diagnosing cirrhosis, they suffer from low sensitivity and are not always present at earlier stages of fibrosis. Although some of these morphologic features are semiquantitative, many are subjective. This leads to expected interobserver variability found within studies and variable measures of accuracy reported between studies.
Radiologists should be cautious about diagnosing or excluding cirrhosis using these morphologic features. For example, in one study, 15% of patients with advanced fibrosis/cirrhosis on liver biopsy (F3-F4) and elevated stiffness on MR elastography showed normal morphologic features on conventional MRI [46] . Another study showed 20% or more patients with cirrhosis and elevated liver stiffness on MR elastography had no morphological features of cirrhosis on conventional MRI [47] .
Grayscale and Doppler ultrasound
Conventional B mode or ''grayscale'' US is widely used as a first-line imaging modality in evaluation of patients with liver disease because it is widely available, has no known adverse bioeffects, is inexpensive, and has reasonable sensitivity for the detection of focal liver lesions, cholelithiasis, and biliary ductal dilatation. In one study, cirrhosis could be correctly diagnosed on US in 82-88% of patients with CLD using a few signs detected on conventional US, including spleen length, portal velocity, liver surface, and liver length [48] . Unfortunately, conventional US is known to have significant interoperator variability. In a meta-analysis of 21 studies of diagnostic US in CLD, wide variation in the reported diagnostic sensitivities and specificities for liver fibrosis and cirrhosis was observed [49] . Similarly, while a heterogeneous or coarsened liver echotexture is associated with cirrhosis [50, 51] , the diagnosis of hepatic heterogeneity is inherently subjective. Moreover, the US appearance of hepatic cirrhosis and steatosis can be similar, producing a ''fatty-fibrotic'' pattern [51, 52] . Measurements of liver echogenicity have shown poor predictive accuracy for the diagnosis of fibrosis [53, 54] . Due to decreased penetration of the US beam, hepatic evaluation is limited in obese patients, making detection of cirrhosis and liver lesions difficult.
Color Doppler US can aid in diagnosing portal flow abnormalities associated with cirrhosis, including slow or hepatofugal portal venous flow [55] . However, these flow abnormalities are not seen in the early fibrosis stages. Spectral Doppler US showing decreased phasicity of the hepatic venous waveforms can be seen in hepatic fibrosis and steatosis [56, 57] . In general, evidence suggests that Doppler US measurements of the portal vein, hepatic artery, and hepatic veins should not be used to stage liver fibrosis [58] . 
US elastography
US elastography measures liver stiffness by measuring the velocity of acoustically induced mechanical shear waves propagating through the liver, a process termed shear wave elastography. The speed of shear waves traveling through the liver is faster in stiffer fibrotic livers than in normal livers. A number of proprietary elastography technology embodiments have been developed by different manufacturers of elastography equipment, including acoustic radiation force impulse imaging (ARFI) and dynamic shear wave elastography (SWE). Transient elastography (TE) is performed with Fibroscan (Echosens, Paris, France). TE is the most validated method of US elastography for the noninvasive diagnosis of liver fibrosis. In TE, a single element transducer generates a short duration transient vibration which generates a shear wave that propagates longitudinally with respect to the transducer axis [59] . Advantages of TE include that TE can be used by physicians at the bedside and is inexpensive and portable [59] . TE, however, is not an imaging technique and does not display the location where stiffness is measured to confirm that it is in fact in the liver. TE cannot evaluate liver parenchyma for hepatic disease or masses. [59] .
A number of meta-analyses have assessed the performance of TE for diagnosing hepatic fibrosis [60] [61] [62] [63] . Stiffness cutoff values for hepatic fibrosis of ‡F2, F3, and F4 from these meta-analyses are 7-7.65, 9.5, and 12-13.01 kPa, respectively (AUC 0.84-0.8701 for ‡F2, 0.89 for ‡F3, and 0.93-0.96 for ‡F4) [60] [61] [62] [63] [64] . Commonly used cutoff values for TE in clinical practice are >7 kPa for significant fibrosis (>F2) and >11-14 kPa for cirrhosis in chronic hepatitis C patients [65] . However, the cutoff values used for cirrhosis in chronic hepatitis B patients are lower than hepatitis C at 9-10 kPa [66] , and research is ongoing with regards to differences in cutoff values for various other underlying etiologies for hepatic fibrosis. It should be noted that the cutoff values are different between TE and MR elastography because values in TE are based on the bulk modulus or Young's Modulus (E) and MR elastography on ''magnitude of the complex shear modulus'' (l) (E being~39(l)). Similar to imaging-based US techniques, TE has an excellent negative predictive value for cirrhosis [60] [61] [62] [63] [64] 67] and intermediate accuracy for distinguishing between intermediate fibrosis stages [68] .
TE is less reliable in patients with obesity, narrow intercostal spaces, and/or ascites. An ''XL'' TE probe is now available for examining obese patients. Nonetheless, the failure rate of TE ranges from 6% to 23% [59, [69] [70] [71] .
Imaging-based US shear wave elastography can be more readily used in patients with obesity, ascites, and NAFLD [72] [73] [74] . The site of liver stiffness measurement is saved on the images and can be used in follow-up measurements when monitoring patients undergoing treatment for hepatic fibrosis. In patients with cirrhosis, HCC screening can be performed with US at the same examination.
In ARFI US, acoustic compression pulses are focused inside the liver, and some of the acoustic energy is absorbed and released as shear waves traveling perpendicular to the US beam [59] . Several meta-analyses have studied the performance of ARFI in the diagnosis of hepatic fibrosis [60, 75, 76] . Velocity cutoff values for hepatic fibrosis of ‡F2, ‡F3, and F4 from these metaanalyses are 1.30-1.34, 1.55, and 1.8 m/s, respectively [60, 64, 75, 76] . These meta-analyses of ARFI-based liver fibrosis staging show for hepatic fibrosis of ‡F2 an AUC 0.85-0.87; ‡F3 an AUC 0.91; and F4 an AUC 0.93 [60, 64, 75, 76] . In a meta-analysis comparing TE and ARFI, inability to obtain reliable measurements was more than 3 times as high for TE as ARFI (6.6% vs. 2.1%, P < 0.001) [60] .
2D Shear wave elastography (SWE) (Supersonic Imagine, Aix-en-Provence, France) is another technique that uses focused acoustic energy to generate shear waves in a manner similar to ARFI, but captures the propagation of shear waves in real time. Having multiple regions of interest reduces sampling variability compared with TE and ARFI [77] . In one meta-analysis, cutoff values and AUC for 2D SWE for stage ‡F1, ‡F2, ‡F3, and F4 fibrosis were 7.1 kPa and 0.825, 7.8 kPa and 0.859, 8 kPa and 0.897, 11.5 kPa and 0.914, respectively [78] . The performance of this type of shear wave elastography is promising [77] [78] [79] [80] [81] , but is not as widely validated as TE or ARFI-based approaches.
ARFI and 2D SWE measurements should be made 1-3 cm deep to the liver capsule to reduce artifacts [82] . Measurements should preferably be made intercostally in the right lobe, which has been shown to be more accurate than left lobe measurements [75, 83] . Measurements should be acquired during shallow breath holding or resting expiration to minimize liver motion, as deep inspiration increases stiffness measurements compared with resting expiratory position [84] . Figure 2A , B shows an example of liver fibrosis identified with ARFI which was not detectable with conventional grayscale US.
Patients undergoing US elastography should be fasting [85, 86] . Liver stiffness measurements on elastography can be influenced not only by fibrosis, but also edema, inflammation [87] , alcohol use, extrahepatic cholestasis [88] , hepatic congestion [89] , and operator inexperience, and it is therefore important for the interpreting radiologist to be cognizant of these pitfalls, and to review the medical record to the extent possible.
Magnetic resonance imaging
While MRI is not as readily available as US, advantages include less operator dependence and more accurate evaluation of patients with NAFLD. MRI can assess for morphologic features of cirrhosis, and advanced fibrosis can be seen on dynamic contrast-enhanced (DCE) T1-weighted imaging sequences. Fibrotic bands appear as linear areas of high T2 signal and portal venous phase enhancement (Fig. 3A, B) . Earlier stages of fibrosis will not be seen on conventional contrast-enhanced MRI. Texture analysis can also be performed on MRI, which will be discussed later.
Magnetic resonance elastography
Magnetic resonance elastography (MR elastography) is the currently most accurate noninvasive technique for detection and staging of liver fibrosis [90] [91] [92] . Several studies have demonstrated that the diagnostic performance of MR elastography in this role is superior to that of TE and ARFI [92, 93] . In particular, MR elastography is notable for its ability to accurately diagnose mild fibrosis which is difficult using other imaging techniques, including TE [51] . MR elastography results are highly reproducible and have excellent interobserver agreement, due in part to the large volume of liver assessed which limits sampling error [92, [94] [95] [96] [97] and better than morphological features to diagnose cirrhosis [46, 92] . The elastogram also allows characterization of the regional distribution of fibrosis in the liver which may be useful for diagnosing underlying liver disease such as primary sclerosing cholangitis.
MR elastography requires a driver to generate mechanical shear waves in the liver. An acoustic wave generator is placed outside the scanner room. Beneath the surface coil arrays, a disk-shaped, passive driver is placed against the right lower chest/upper abdomen along the mid clavicular line at the level of the xiphoid process [90] . Acoustic pressure waves are conducted from the wave generator to the passive driver via a long, flexible, plastic tube [90] . Pulse sequences with motion encoding gradients are used to visualize traversing shear waves; these sequences can be designed with gradientrecalled echo, spin-echo, balanced steady-state free precision, or echo-planar imaging (EPI) technique [90] . The phase-sensitive MR images are then processed by an inversion algorithm to create wave images and quantitative elastogram images depicting tissue stiffness. The elastograms are analyzed by manually drawing regions of interest or by using automated segmentation [59, 90] . The regions of interest should exclude liver edge, fissures, gallbladder fossa, lesions, and large vessels. The average stiffness from several slices is reported as the mean stiffness value in kilopascals (kPa). An example of MR elastography imaging is shown in Fig. 4A-D .
Stiffness cutoff values for hepatic fibrosis ‡stage F2, F3, and F4 from an MR elastography meta-analysis were 3.66, 4.11, and 4.71 kPa respectively [92] . Two metaanalyses studying the performance of MR elastography show for hepatic fibrosis of ‡F2 an AUC 0.88-0. [92, 98] .
Compared with US elastography, MR elastography performs better for diagnosing fibrosis in obese patients and patients with ascites, with fewer nondiagnostic cases and is able to detect fibrosis throughout the liver. Contrast-enhanced MRI can also diagnose HCC when performed in the same setting as MR elastography [92] . The diagnostic capability of MR elastography is less affected by obesity, whereas with US elastography, unreliable measurements were found in 35.4% of TE exams in obese patients [99] and 17.6% of ARFI exams in obese patients [100] . MR elastography has shown a higher technical success rate compared with TE, 94% vs. 84% [101] .
MR elastography has been validated in various underlying etiologies of cirrhosis, including chronic hepatitis B, chronic hepatitis C, and NAFLD [102] [103] [104] .
Most studies have indicated that steatosis does not have significant effect on MR elastography assessed liver stiffness [96, 97, 105] , although obesity can play a small role in MR elastography failure [106] . Liver stiffness may be elevated in the absence of significant fibrosis in patients with acute alcohol intoxication, acute hepatitis, acute flares of chronic hepatitis, biliary obstruction, chronic inflammation, and passive congestion due to cardiac failure or other cardiac conditions. The results of MR elastography exams should be interpreted taking into account such co-existing conditions. MR elastography has some limitations. The current clinical MR elastography sequence (2D GRE) may fail in patients with moderate-to-severe hepatic iron deposition [101] , contributing to a failure rate in one metaanalysis of 4.3% [92] . Another recent study showed the technical failure rate of MR elastography at 1.5 T was 3.5%, with independent risk factors associated with failure of MR elastography including massive ascites, iron deposition, and high body mass index [106] . This limitation from iron deposition is secondary to the low parenchymal signal; however, the shear waves still traverse through the liver but are not visualized as liver parenchyma does not have enough signal intensity for post-processing by the inversion algorithm. Better technical success in patients with hepatic iron deposition may be obtained by using pulse sequences with shorter echo times such as spin-echo EPI based MR elastography [91, 107] . MR elastography may also be limited in patients who cannot hold their breath. Breath holding time can be reduced by decreasing the field of view or reducing the matrix size at the cost of resolution in order to obtain more accurate results [90] . Similar to US elastography, patients should be fasting 4-6 h prior to MR elastography, since a post-prandial state increases liver stiffness in patients with fibrosis or cirrhosis [108, 109] . 
Noninvasive diagnosis of liver fibrosis: Imaging techniques of research interest
While US elastography, including TE and point SWE/ ARFI, and MR elastography are clinically available and validated as noninvasive means of diagnosing liver fibrosis, several other imaging techniques show promise in their ability to noninvasively diagnose liver fibrosis but are primarily of research interest at this time, and clinical translation is still awaited. These include MRI techniques including diffusion-weighted imaging, MRI with hepatobiliary contrast, MR perfusion, and quantitative T1, T2, T1 rho mapping; CT techniques including perfusion, fractional extracellular space, and dual-energy/spectral CT; contrast-enhanced US, texture analysis, and direct molecular imaging probes of collagen.
Diffusion weighted imaging (DWI)
DWI can be used to diagnose fibrosis and cirrhosis on MRI exams. Hepatic fibrosis causes restricted diffusion that can be quantitatively measured with the hepatic apparent diffusion coefficient (ADC) value. Lower ADC values in advanced stages of hepatic fibrosis may be related to the presence of increased connective tissue in the liver combined with decreased blood flow [110] , or possibly due to diminished hepatic perfusion in cirrhotic patients rather than decreased extravascular diffusion [111] [112] [113] . An example of lower ADC in a cirrhotic patient is shown in Fig. 5 .
DWI is better at distinguishing between cirrhotic and normal livers than distinguishing between stages of fibrosis [98, 114] . One study showed a positive predictive value, negative predictive value, and overall accuracy of 100%, 99.9%, and 96.4%, for diagnosing cirrhosis compared with controls [115] . DWI does not perform as well as MR elastography [98, 116, 117] . In comparative study, MR elastography demonstrated higher sensitivity and specificity in predicting fibrosis scores ‡F2 (91% and 97%), ‡F3 (92% and 95%), and F4 (95% and 87%) compared with DWI (84% and 82%, 88% and 76%, and 85% and 68%, respectively) [117] . Similarly, a meta-analysis showed DWI distinguishing F0-F1 from F2-F4 with a sensitivity of 77%, specificity of 78%, and AUC of 0.83; less reliable than MR elastography [98] . A more recent study showed that for detection of advanced fibrosis (F3-F4), AUCs were 0.94 for MR elastography and 0.79 for DWI [116] .
DWI image quality can suffer particularly in patients with cirrhosis and ascites. Other limitations for using DWI are that ADC values are dependent on the particular MRI scanner, the b-values used, and whether breathhold or free breathing techniques are employed, and so published ADC results are not generalizable to all scanners. DWI signal is also affected by hepatic iron deposition [118] .
Intravoxel incoherent motion (IVIM) DWI assesses diffusion and perfusion by acquiring multiple b-values, and by processing the data using a bi-exponential model [113, 119, 120] . IVIM has shown potential in staging hepatic fibrosis [120] [121] [122] [123] [124] [125] . One study showed that both IVIM and ARFI provide reliable estimations for the noninvasive assessment of liver fibrosis [125] . However, another study showed that IVIM imaging does not discriminate fibrosis stages as well as MR elastography [123] .
MRI with hepatobiliary contrast agents
Hepatobiliary MRI contrast agents: gadoxetate disodium (Eovist/Primovist; Bayer Healthcare, Wayne, NJ) and gadobenate dimeglumine (MultiHance; Bracco Diagnostics, Princeton, NJ) play a well-established and important incremental role in liver lesion detection and characterization [126, 127] in addition to routine extracellular contrast agents. After intravenous injection, gadoxetate disodium is taken up by hepatocytes and approximately 50% is excreted through the bile ducts, while gadobenate dimeglumine shows only approximately 5% biliary excretion. The degree of hepatic uptake and biliary excretion of these contrast agents has been investigated as a surrogate biomarker for estimation of liver function and diffuse liver disease. There has been growing and significant interest in the ability of gadoxetic acid-enhanced liver MRI for staging liver fibrosis since some of the earlier work in animal models and humans [128] [129] [130] [131] [132] . Since then a number of studies have been published showing the ability of gadoxetic acid uptake as a surrogate marker to stage liver fibrosis including some comparisons against DWI, aspartate aminotransferase-to-platelet ratio index, Fib-4, US, and MR elastography [133] [134] [135] [136] [137] [138] [139] .
The underlying principles for staging hepatic fibrosis with gadoxetic acid essentially rely on MRI-based quantification of decreased hepatic enhancement on hepatobiliary phase images (Fig. 6 ). This is caused by either reduced hepatic uptake associated with decreased expression of the hepatic organic anion transporters due to either decrease in normal hepatocytes or hepatocyte dysfunction, degeneration or necrosis, and/or prolongation of liver enhancement due to decreased biliary excretion with increasing hepatic fibrosis [130, 140] . Hepatic uptake of gadoxetate disodium is dependent on specific cellular transporters (OATP receptors). Normal variants of the OATP receptors in the population may decrease hepatic enhancement by 30-40% and represent a confounding factor for interpretation of gadoxetate disodium uptake studies [141] .
The quantitative indices utilized in published work include contrast enhancement index (CEI), relative liver enhancement (RLE) and T1 mapping of hepatobiliary phase images. CEI is calculated as SIpost/SIpre, where SIpost and SIpre are, respectively, the liver-to-muscle signal intensity ratio on hepatobiliary phase images and on unenhanced Images while RLE is calculated as (SIpost -SIpre)/SIpre. T1 mapping involves measuring the T1 relaxation time of liver tissue and correlates directly with gadoxetic acid contrast concentration at time of hepatobiliary phase acquisition. Initial work by Watanabe et al. [130] reported CEI to be an accurate biomarker for staging liver fibrosis compared to other enhancement indices as well as hematological markers and DWI. CEI was also more significantly correlated with fibrosis stage than it was with necroinflammatory activity grade. Subsequently, Choi et al. [138] found significant correlation between CEI and histologic staging of hepatic fibrosis. However, MR elastography showed higher sensitivity and specificity for predicting hepatic fibrosis stages F2 (87% and 91%), F3 (80% and 89%), and F4 (81% and 85%) compared with CEI (46% and 82%, 63% and 68%, and 76% and 65%, respectively). Similarly, Park et al. [135] have reported strong correlation between liver stiffness (MR elastography) and APRI, while CEI and ADC showed weak or negative correlation in patients with liver fibrosis. RLE has been shown to demonstrate good accuracy for detecting moderate-toadvanced fibrosis (>F2) and cirrhosis (F4) [142] .
A few studies have investigated T1 mapping of gadoxetic acid-enhanced liver MRI in fibrosis staging and correlation with hepatic molecular transporters. Published work [134] has revealed that T1 relaxation time obtained from hepatobiliary phase image is significantly correlated with the fibrosis stage with high diagnostic accuracy for stage 3 fibrosis (AUROC of 0.82), a relatively low diagnostic accuracy for grade 3 necroinflammatory activity (AUROC of 0.68), and significantly higher accuracy than DWI-ADC values for liver fibrosis Fig. 6 . A, B MRI using hepatobiliary contrast shows that on the hepatocyte phase, there is decreased liver enhancement of a cirrhotic liver (A) compared with a noncirrhotic liver (B).
staging. However, in another study [137] US elastography was found to be superior to T1 relaxation time measurement in differentiating stage ‡F2.
More recently published studies have suggested that the gadoxetic acid-enhanced T1 relaxation time index appears to be superior to APRI and FIB-4 for predicting hepatic fibrosis and the combined use of gadoxetic acidenhanced T1 mapping, APRI, and FIB-4 may be more reliable for staging liver fibrosis in chronic hepatitis B and can be regarded as a useful imaging biomarker of hepatocyte transporter function [143, 144] .
Despite a good body of evidence supporting role of gadoxetic acid liver MRI in detecting and staging liver fibrosis, its clinical utilization is essentially negligible in most centers and awaits translation from the research arena into the clinical realm.
MR perfusion
Assessing liver fibrosis with MR perfusion (DCE-MRI) has also been studied in recent years and is mostly of research interest currently. Three-dimensional gradientrecalled-echo sequence performed with parallel imaging allows evaluation of liver perfusion with high temporal resolution [145] , although perfusion analysis is relatively labor intensive. Arterial blood flow, arterial fraction, portal venous fraction, distribution volume, and mean transit time in one study were significantly different between patients with and without severe fibrosis [145] . Distribution volume of at least 21% had the best performance in this study, with an AUC 0.824, 76.9% sensitivity (95% confidence interval: 46.2%, 94.7%), and 78.5% specificity (95% confidence interval: 49.2%, 95.1%) in the prediction of F3-advanced fibrosis [145] .
In a recent prospective study comparing DWI, DCE-MRI, MR elastography, TE, and blood tests [116] , MR elastography provided the strongest correlation with fibrosis stage (r = 0.66, P < 0.001), inflammation grade (r = 0.52, P < 0.001), and collagen content (r = 0.53, P = 0.036). For detection of moderate-to-advanced fibrosis (F2-F4), AUCs were 0.78, 0.82, 0.72, 0.79, 0.71 for MR elastography, TE, DCE-MRI, DWI, and APRI, respectively. For detection of advanced fibrosis (F3-F4), AUCs were 0.94, 0.77, 0.79, 0.79, and 0.70, respectively. Overall, DCE-MRI had lower accuracy compared to MR elastography for detecting advanced fibrosis and cirrhosis. Other studies showed that DCE-MRI with gadoxetate disodium can be used to stage liver fibrosis [146, 147] . In one of these studies, DCE-MRI perfusion was measured with two methods: (1) dual-input singlecompartment model for arterial blood flow, portal venous blood flow, total liver blood flow, arterial fraction, distribution volume, and mean transit time; and (2) curve analysis model for peak, slope, and AUC [146] . Slope and AUC were two best perfusion parameters to predict the severity of liver fibrosis (>F2 vs. F2). Four significantly different variables were found between nonfibrotic vs. mild-fibrotic subgroups as well: arterial blood flow, arterial fraction, slope, and AUC, and the best predictor for mild fibrosis was arterial blood flow [146] . While this study used a dual-input single-compartment model, a dual-inlet two-compartment uptake model can measure arterial and venous perfusion and hepatic function in a single acquisition [148] .
Another study showed that the combination of DCE-MRI (distribution volume and time to peak) and IVIM DWI (ADC) provides an accurate diagnosis of cirrhosis, with 84.6% sensitivity and 100% specificity [120] . Time to peak, distribution volume, and mean transit time were significantly increased in cirrhosis [120] .
Quantitative T1, T2, and T1 rho mapping Quantitative mapping of relaxation parameters has also been explored in the evaluation of liver fibrosis. T1 rho values have been correlated with liver fibrosis in animal models [149] . In chronic liver disease patients, quantitative T1 mapping showed significant changes dependent on Child-Pugh class, with T1 also elevated in stiffer livers (as measured with transient elastography) [150] . Quantitative T2 values have also been shown to increase in patients with hepatitis C, correlating with increasing fibrosis grade [151] . Currently there are no known studies directly comparing these mapping techniques and established elastography techniques. These techniques may prove to have specific applications in hepatic fibrosis.
CT including perfusion, fractional extracellular space, and dual energy Contrast-enhanced CT methods have been used to assess for the severity of diffuse liver disease and cirrhosis. CT perfusion which involves repeated imaging of the liver after injection of a bolus of IV contrast allows for measurements of increased arterial flow and arterial fractional flow, which correlates moderately with portal hypertension and extent of liver fibrosis [152] [153] [154] . With hepatic fibrogenesis, microcirculatory changes result in increased total hepatic resistance with altered portal venous blood flow, compensated by increased hepatic arterial flow (a hepatic artery buffer response) [155, 156] . Arterial perfusion increases with cirrhosis and correlates with severity [154] . Mean arterial enhancement fraction is higher in patients with liver disease compared with those without liver disease. Receiver operating characteristic curve analysis in one study determined an area under the curve of 0.79/0.78, with an optimal cutoff for mean arterial enhancement fraction of 9.2/16.8, for differentiating between category 2 or higher/category 3 disease [152] .
Perfusion changes occurring early during fibrosis in chronic hepatitis C can be detected with perfusion CT [153] , and may help to discriminate minimal from intermediate stage fibrosis. Mean transit time was the most promising perfusion parameter for differentiating between fibrosis stages, as a threshold of 13.4 s allowed discrimination between minimal and intermediate fibrosis with 71% sensitivity and 65% specificity [153] . However, the authors cautioned against using this parameter for individual patients due to the large overlap between fibrosis groups. Though promising, CT perfusion techniques require higher radiation dose than a routine CT and significant post-processing.
More recently, CT techniques that require less radiation dose and simpler processing have been studied. Fractional extracellular space (also termed equilibrium phase imaging) with or without dual-energy or spectral CT assesses for expansion of the extracellular space, such as occurs by the deposition of collagen fibers in liver fibrosis. Fractional extracellular space (fECS) requires an unenhanced CT scan and a delayed/equilibrium phase scan (at least 5 min scan delay), and is calculated as the enhancement of the ðLiver=AortaÞ Ã ð1 À HctÞ during the equilibrium phase [157] . A retrospective study showed that noninvasive contrast-enhanced CT quantification of the fractional extracellular space correlates with the MELD score, an indicator of the severity of liver disease [158] . Subjectively, the fractional extracellular space in fibrotic liver is expanded, creating an increased volume of distribution within the parenchyma for extracellular contrast and may show similar enhancement to vasculature at equilibrium phase. During the equilibrium phase a large amount of contrast diffuses into the liver leading to abnormally high attenuation. Normal liver is darker than vasculature at equilibrium phase because the fractional extracellular space is low in the parenchyma. While conventional CT perfusion is fair at predicting cirrhosis/portal hypertension (AUC = 0.732), fractional extracellular space is excellent at predicting cirrhosis with an AUC of 0.953 (P < 0.0001) [158] . An expanded fractional extracellular space greater than 30% for the prediction of cirrhosis had 92% sensitivity and 83% specificity [158] . A recent study showed comparing fECS on MRI with MR elastography showed modest correlation of fECS with liver stiffness. In this study, fECS at 10 min post intravenous gadolinium injection had a sensitivity of 67%, specificity of 66% and accuracy of 72% for detecting advanced fibrosis as determined by MRE [159] . Although excellent differentiation of cirrhosis from early-stage fibrosis was seen with extracellular space measurements, more modest results were seen for predicting the stage of liver fibrosis [160] [161] [162] . Dual-energy CT can estimate the fractional extracellular space with a single equilibrium (delayed) phase CT scan since the iodine concentration can be calculated without the need for an additional unenhanced CT scan.
It utilizes high and low x-ray energy datasets to generate qualitative and quantitative material-specific (''material density'') imaging information [163] . As research suggests a correlation between iodine concentrations on delayed phase images with higher stages of fibrosis [164] , a normalized iodine concentration (liver/aorta) can be used to estimate the degree of disease. In a study using dual-energy or spectral CT, the combination of normalized iodine concentration and iodine concentration ratio showed high sensitivity and specificity for differentiating healthy liver from cirrhotic liver, especially in Class C cirrhotic liver [165] . Another study on spectral CT showed that the arterial iodine fraction was statistically significantly different between a control group and patients with chronic liver disease Child-Pugh Grades A, B, and C [166] .
Contrast-enhanced ultrasound
Contrast-enhanced ultrasound (CE US) of the liver is mainly used to characterize focal liver lesions [167] , although research has studied the use of contrast-enhanced US in diagnosing fibrosis and cirrhosis. US contrast has recently been approved for liver applications in the United States. Some studies show that CE US can exclude cirrhosis using contrast agent transit or disappearance times, but is not effective for staging fibrosis [51, 168, 169] .
Shortening of the transit time between the hepatic artery/portal vein and the hepatic veins occurs in both cirrhosis and liver malignancies, presumably because of intrahepatic shunting, which limits its usefulness in the diagnosis of fibrosis [167, 170, 171] . One study showed that quantitative measurements of intrahepatic transit time were significantly correlated with the severity of liver fibrosis. The hepatic artery to hepatic vein transit time and portal vein to hepatic vein transit time were shortened gradually with the progression of liver fibrosis [170] .
Another study showed that hepatic vein transit time in CE US of hepatitis C patients can differentiate between mild hepatitis and cirrhosis, with 100% sensitivity and 80% specificity for diagnosing cirrhosis and 95% sensitivity and 86% specificity for differentiating mild hepatitis from more severe liver disease [171] . However, another study showed poor sensitivity (57%) and specificity (43%) using hepatic vein transit time as a marker for hepatic fibrosis [172] .
Texture analysis
Texture analysis is a new and expanding area of imaging research, and may have a role in assessing liver fibrosis. Texture analysis is a type of computer-aided image analysis whereby mathematical transformations and statistical analysis are applied to the distribution of grayscale values in an image [173] . This permits quan-tification of ''texture features'' that can then be correlated with disease. In studying liver fibrosis, texture analysis of the liver parenchyma has be applied to US [174, 175] , MRI including DWI [173] , unenhanced T2 [176, 177] , proton density [178] , double contrast-enhanced [179, 180] , and hepatobiliary-enhanced [181] sequences, and CT [182] [183] [184] . Texture analysis is a broad and heterogeneous field, with considerable variability in the texture features that are considered, methods of measurement, and strategies for quantification. This variability makes it difficult to compare studies, and further standardization will eventually be required. Larger studies and studies comparing them with other techniques for evaluation of hepatic fibrosis are awaited.
Direct molecular imaging probes of collagen
The tools currently used to noninvasively detect liver fibrosis described throughout this review are all indirect measures of the pathologic process (inflammation and fibrosis). Several noninvasive imaging techniques are under development to directly detect the deposition of collagen, which may be especially helpful in detecting mild disease. To date, all studies have been in animal models. For example, a gadolinium-based probe, EP-3533, has been explored in two different rodent models of liver fibrosis [185, 186] . Recent studies suggest that EP-3533 may be synergistic with MR elastography, with changes in EP-3533 signal dominant in early fibrosis and MR elastography changes dominant in late fibrosis [187] . An alternative molecular imaging approach has been to develop molecular markers that specifically target hepatic stellate cells [188, 189] . These molecular approaches are attractive because they aim to directly image the pathological changes underlying liver fibrosis. However, considerable development is still required prior to clinical translation.
Future research needs
Research will continue to improve noninvasive diagnosis and staging of liver fibrosis with conventional and novel techniques. Future research needs in the fields of US elastography and MR elastography of the liver involve monitoring hepatic fibrosis after treatment, prognostication of hepatic complications including decompensation of cirrhosis and development of HCC, subclassification of patients with cirrhosis, detection of inflammation, since fibrosis and inflammation can both contribute to increased liver stiffness, and predicting portal hypertension, including spleen stiffness [64, 190] . Technical areas of research interest in US and MR elastography include 3D measurement of tissue displacement, multifrequency elastography, standardization of terminology, calibration of elastography measurements, and harmonization of the different elastography techniques [64] . Further research is also needed to assess if and how the results of these various imaging methods of diagnosing and staging liver fibrosis are affected by the various etiologies of chronic liver disease, such as hepatitis B, hepatitis C, alcoholic liver disease, and NAFLD.
Conclusions
Hepatic fibrosis is potentially reversible; however, early diagnosis is necessary for treatment in order to halt progression to cirrhosis and development of complications including portal hypertension and hepatocellular carcinoma. Morphologic signs of cirrhosis on US, CT, and MRI alone are unreliable and are seen with more advanced disease.
Newer imaging techniques to diagnose liver fibrosis are reliable and accurate, and include MR elastography and US elastography (TE and SWE or ARFI). MR elastography is the most accurate noninvasive method of diagnosing liver fibrosis, as it can assess the whole liver. TE has been heavily researched and validated in diagnosing liver fibrosis. However, TE is unreliable in patients with NAFLD, ascites, and obesity without an XL probe, whereas point SWE or ARFI can be used in these patients and can be easily added to grayscale US.
Research is ongoing with multiple other techniques for the noninvasive diagnosis of liver fibrosis, including MRI with diffusion weighted imaging, hepatobiliary contrast enhancement, and perfusion; CT using perfusion, fractional extracellular space techniques, and dualenergy, contrast-enhanced US, texture analysis in multiple modalities, quantitative mapping, and direct molecular imaging probes. Research on hepatic fibrosis will continue to validate and improve these techniques, and over time they will become more reliable and easier to apply in the clinical setting. Efforts to advance the noninvasive imaging assessment of hepatic fibrosis will facilitate earlier diagnosis and improved patient monitoring with the goal of preventing the progression to cirrhosis and its complications. Ethical approval This article does not contain any studies with human participants or animals performed by any of the authors.
